Abstract OBJECTIVES: To investigate the incidence of unilateral pulmonary oedema after minimally invasive cardiac surgery (MICS) requiring unilateral lung collapse has been unknown until now.
INTRODUCTION
Unilateral pulmonary oedema is a rare but potentially lifethreatening event that may occur after re-expansion of a collapsed lung [1] . In the majority of cases, re-expansion pulmonary oedema (REPE) was observed after drainage of a pneumothorax or a pleural effusion with a frequency between nearly zero and 16% when diagnosed by chest radiography [2] [3] [4] . Two recent publications reported on patients who developed unilateral lung oedema after minimally invasive cardiac surgery (MICS) requiring intraoperative lung collapse [5, 6] . The incidence of this phenomenon in patients undergoing MICS is unknown, as well as the possible contribution of other clinical factors to this disorder. This question may well be of major clinical interest, as the popularity of MICS is continuously increasing. We, therefore, reviewed the records of our patients, scheduled for MICS, over a 6-year period for clinical and radiographical evidence of unilateral lung oedema within 24 h after surgery, and analysed the relationship with the characteristics of the patients and clinical variables.
MATERIALS AND METHODS
The data of all patients older than 18 years, scheduled for MICS between January 2008 and December 2013 using a right lateral minithoracotomy and requiring collapse of the right lung, were included in this retrospective cohort study. The exclusion criterion was the intraoperative conversion to sternotomy. After the experiences with patients suffering postoperatively from a unilateral lung oedema with the production of copious amounts of oedema fluid, we modified the intraoperative management in 2010 and, from then on, have administered a single dose of dexamethasone (approximately 1 mg/kg body weight) after anaesthesia induction. Owing to this circumstance, our analysis had a before-after design. We compared patients with and without corticosteroid treatment and performed a multivariable analysis to identify predictors of postoperative unilateral lung oedema.
The study protocol was approved by the local ethics committee, who waived the need to obtain patient consent as it was a retrospective study design.
Data were retrieved from the electronic hospital information system (Patidok, Professional Clinical Software GmbH, Klagenfurt, Austria), and from the electronic patient database (Metavision, IMDsoft, Tel Aviv, Israel), which recorded the parameters at 1-min intervals. The mean pulmonary arterial pressure before extracorporeal circulation (PAP m pre ) was calculated as the mean of data registered at 1-min intervals during the half-hour after the start of skin preparation. The mean pulmonary arterial pressure after extracorporeal circulation (PAP m post ) and respiratory variables [inspiratory oxygen fraction (FiO 2 ), tidal volume (VT), positive end-expiratory pressure (PEEP)] are presented as the mean value of 30 recordings registered at 1-min intervals during the last half-hour of surgery. Pre-and postoperative chest radiographs were reviewed by two experienced radiologists for signs of a newly developed unilateral pulmonary oedema (large-scale ground-glass opacities).
All patients underwent a standardized management. Anaesthesia was induced with sufentanil, etomidate and pancuronium or rocuronium, and maintained with sevoflurane and supplemental sufentanil, as required. Blood pressure measurement was performed via a radial artery catheter. All patients were monitored intraoperatively by transoesophageal echocardiography and by a pulmonary artery catheter. The patients were intubated with a single-lumen endotracheal tube. Surgery was performed using a right lateral minithoracotomy. Extracorporeal circulation was established using a right femoral arterial and venous access. The superior vena cava was additionally cannulated via the right internal jugular vein in the case of tricuspid valve surgery, repair of the atrial septum or a body surface area of more than 2.0 m 2 . Ventilation was stopped and the endotracheal tube disconnected, thus achieving a collapse of the right lung, after right lateral thoracotomy had been performed and extracorporeal circulation initiated. Cardiac arrest was achieved using antegrade cold blood cardioplegia (Buckberg/Beyersdorf cardioplegic solution, Dr F. Köhler Chemie, Benzheim, Germany) after aortic cross-clamping with a Chitwood clamp. Cardioplegic reperfusions were performed every 15 min. Ventilation of both lungs was reinstituted with visually controlled re-expansion of the collapsed lung at the end of surgery when the extracorporeal circulation was reduced for the assessment of the surgical result. Subsequently, ventilation was again discontinued until the closure of the pericardium and termination of the extracorporeal circulation. A right-sided chest tube was inserted at the end of surgery and was connected to an evacuation system with a continuous suction of −20 mbar. Pain therapy was achieved by continuous administration of ropivacaine 0.2% via a catheter localized in the intercostal groove at the level of incision and in the intrapleural space.
Postoperatively, the patients were sedated with propofol, supplemented with an opioid ( piritramid or sufentanil, according to the decision of the intensive care unit (ICU) physician). Chest radiographs were routinely obtained after arrival on the ICU and the next morning. Additional radiographs were conducted according to clinical criteria. Patients were extubated when they were haemodynamically stable, normothermic, non-bleeding and neurologically adequate, and after they had successfully performed a spontaneous breathing trial.
The primary end-point was defined as a newly developed unilateral pulmonary oedema which was radiographically evident within 24 h after surgery. The secondary end-point was the occurrence of a clinically evident pulmonary oedema with suctioning of straw-coloured fluid from the endotracheal tube in the time period from termination of extracorporeal circulation up to 24 h postoperatively.
Statistical methods
Statistical analysis was performed using IBM SPSS Statistics 20 (IBM Corporation, Armonk, New York, USA). Normal distribution of data was evaluated by visual assessment of the histograms and the probability plots (Q-Q plots). Normally distributed data are reported as mean (standard deviation), otherwise as median with the 25th and 75th percentiles. Categorical variables were compared using Fisher's exact test for two-by-two tables; otherwise the χ 2 test was applied. Continuous data were compared by nonparametric (Mann-Whitney U-test) or parametric tests (Student's two-sample t-test). All tests were performed as two-sided tests with α = 0.05. Variables that differed between patients with and without radiological evidence of unilateral pulmonary oedema at a significance level <0.1 were included in the logistic regression analysis. Associations between independent variables were recognized using bivariate correlations and tests for multicollinearity. Variables were included by a stepwise forward selection and deletion of those that were no longer significant, using a Wald statistic. The significance level for entry and removal of variables was set to 0.05. The predictive value of the model was assessed by the Hosmer-Lemeshow χ 2 test and the concordance index, calculated by receiver operating characteristic (ROC) curve analysis. Odds ratios (ORs) with 95% confidence intervals (CIs) are reported for the variables included in the model.
Sample size calculation
The sample size was determined using the software G*Power (Department of Experimental Psychology, Heinrich-HeineUniversity, Düsseldorf, Germany). The minimally required sample size was calculated in expectation of an incidence rate of radiographically evident unilateral lung oedema after MICS of about 10%, and assuming that a reduction to 3% under dexamethasone would be of clinical interest. According to this assumption, we calculated a minimal sample size of 209 patients per group with α = 0.05 and β = 0.2.
RESULTS
We identified 490 patients undergoing MICS between January 2008 and December 2013. Owing to the incomplete data of 6 of the patients ( pulmonary arterial pressure, cardiac output, FiO 2 , VT, PEEP), 484 patients were included in the analysis. The characteristics of these patients are reported in Table 1 .
Thirty-eight of 484 patients showed radiographical signs of a unilateral pulmonary oedema within 24 h after surgery, and 7 patients developed a clinically evident pulmonary oedema. An exemplary chest radiograph is demonstrated in (Fig. 1) . A patient, who presented with a unilateral pulmonary oedema 15 h postoperatively, exhibited a mild manifestation of a contralateral oedema. As this patient had neither echocardiographic evidence of an impaired left ventricular function, nor indications of a volume overload or a transfusion-related lung oedema (no Data are presented as the number of patients (%), mean (SD) or median [IQR] . PAP m pre is calculated as the mean of data registered at 1-min intervals during the half-hour after the start of skin preparation. PAP m post , FiO 2 , PEEP and VT are calculated as means of data registered at 1-min intervals during the last half-hour of surgery. Creatinine clearance was calculated by the Cockroft-Gault formula. The predicted body weight was calculated according to [7] . BMI: body mass index; CI: cardiac index; CRP: C-reactive protein, normal serum concentration ≤5 mg dl 
ADULT CARDIAC
C. Keyl et al. / European Journal of Cardio-Thoracic Surgerytransfusion), he was included in the analysis. The incidence of radiographically evident unilateral pulmonary oedema was decreased in patients receiving dexamethasone with a difference of 8.9% (95% CI 3.8-14.0%) between patients with and without dexamethasone treatment. Unadjusted analysis revealed a risk reduction to less than a third for the occurrence of a unilateral pulmonary oedema in patients receiving dexamethasone (OR 0.28, 95% CI 0.14-0.58, P < 0.001). Likewise, a clinically significant pulmonary oedema occurred less frequently in patients with dexamethasone treatment (Table 1) . Patients with a unilateral lung oedema had a significantly prolonged ventilation time ( ; IQR: interquartile range; SD: standard deviation; PAP m pre : mean pulmonary arterial pressure before extracorporeal circulation (calculated as the mean of data registered at 1-min intervals during the half-hour after the start of skin preparation). PAP m post : mean pulmonary arterial pressure at the end of surgery (calculated as the mean of data registered at 1-min intervals during the last half-hour of surgery).
Several variables differed between patients with and without the occurrence of a unilateral pulmonary oedema at a significance level of less than 0.1 and were entered into multivariable analysis (Table 2) . Postoperative characteristics, such as the treatment with pulmonary vasodilators, the maximum plasma level of C-reactive protein (CRP) and the duration of ventilation, were not included in the multivariable analysis. Likewise, the mean pulmonary arterial pressure, measured after extracorporeal circulation, was not included in the model as there was a significant correlation with the mean pulmonary arterial pressure measured before surgery.
Logistic regression analysis identified four variables that were significantly related to the primary end-point: treatment with dexamethasone, diabetes mellitus, the level of the mean arterial pulmonary pressure measured before extracorporeal circulation and transfusion of fresh frozen plasma (Table 3 ).
DISCUSSION
Our analysis revealed a rather high incidence (7.9%) of radiographically evident unilateral pulmonary oedema after MICS requiring the intraoperative collapse of the right lung. Of the total number of patients, 1.5% simultaneously developed a clinically symptomatic lung oedema associated with a prolonged postoperative ventilation time. Although it seems clinically reasonable to establish a causal relationship between the production of oedema fluid and the radiographically evident unilateral lung oedema, we cannot conclude that the oedema fluid was exclusively produced by the previously collapsed lung as the patients were not intubated with an endobronchial double-lumen tube and, therefore, a separate suctioning of the lungs was not possible.
The incidence rate of unilateral pulmonary oedema after video-assisted thoracic surgery, interpreted as REPE, has been reported to be 0.15% [8] . Using chest radiography, the incidence rate of REPE after drainage of a pneumothorax or a pleural effusion varies between 0.2 and 16% [2, 4] . The reason for the marked variation in the frequencies of REPE, reported in different studies, may partially be related to methodological differences, but is still unclear [1] . Three studies tried to identify risk factors for the occurrence of REPE by multivariable analysis [3, 4, 9] . All authors identified the extent of the lung collapse as a predictor for REPE.
Other predictors vary between studies and include factors such as diabetes, the duration of symptoms or a rapid versus a more gradual expansion of the lung [3, 4, 9] . REPE has been interpreted as a permeability pulmonary oedema, which correlates with the influx of polymorphonuclear leucocytes, and is associated with the occurrence of cytotoxic oxygen metabolites during the re-oxygenation of the collapsed lung and an inflammatory response caused by circulating mediators [10, 11] . It may be hypothesized that these mechanisms are aggravated by ischaemia-reperfusion injury of the lung, as well as the generalized inflammatory response, promoted by cardiopulmonary bypass [12, 13] . This systemic inflammatory response has also been interpreted as a causative mechanism for the involvement of the contralateral lung during re-expansion oedema, which presumably occurred in one of our patients [11] . The relationship between inflammatory response and development of a unilateral pulmonary oedema is underlined by the marked postoperative increase in CRP in the affected patients (Table 2) . Likewise, patients who developed a unilateral pulmonary oedema showed elevated CRP levels more often preoperatively, which might have been associated with an exaggerated inflammatory response and more pronounced lung injury. Cardiopulmonary bypass was prolonged in patients with unilateral lung oedema, which similarly might have contributed to increased ischaemia-reperfusion lung injury.
Transfusion requirements were different between patients with and without unilateral pulmonary oedema. Blood transfusion has been associated with an increased inflammatory response and increased risk of lung injury after cardiac surgery [14, 15] . It may be hypothesized that this mechanism contributed to the increased risk of unilateral pulmonary oedema in our patients.
Diabetes mellitus was identified as another predictor for unilateral pulmonary oedema in our study, as well as in a previous study investigating patients with drainage of a pneumothorax [4] . Diabetes is known to aggravate ischaemia/reperfusion injury in various tissues, such as the heart [16] , and is known to be associated with an increased activity of inflammatory pathways [17] . Therefore, it may be hypothesized that the decreased resistance to oxidative stress contributes to endothelial dysfunction with the effect of an increased vulnerability to re-expansion and reperfusion of the lung in diabetic patients.
Pulmonary capillary pressure and, as a consequence, the transcapillary pressure gradient may be increased in patients with pulmonary hypertension [18] . A recent study discussed whether an elevated hydrostatic pressure may contribute to the development of a unilateral lung oedema [19] . This mechanism might explain the fact that pulmonary arterial pressure was increased in patients who developed a unilateral pulmonary oedema compared with patients without lung oedema. In addition, ischaemia/reperfusion injury of the lung is known to be associated with an exaggerated vasoconstriction and increased vascular permeability [20, 21] , which might have created an increase in pulmonary arterial pressure after extracorporeal circulation. However, multiple factors, such as changes in preload and inotropy, may also contribute to increases in pulmonary arterial pressure after cardiac surgery.
The administration of a single high-dose of dexamethasone was inversely related to the development of a unilateral pulmonary oedema in our mathematical model. The attenuation of the inflammatory response during cardiac surgery by the administration of corticosteroids has been controversially discussed until today [22] . A recent study could not demonstrate a reduction in mortality, but did find a reduction in respiratory complications and in ventilation time in patients with a single, high-dose corticosteroid Goodness of fit of the logistic regression model: Hosmer and Lemeshow test, χ 2 = 9.1 with 8 degrees of freedom, P = 0.34; concordance index = 0.71, 95% confidence interval (CI) 0.62-0.81. PAP m pre : mean pulmonary arterial pressure before extracorporeal circulation (calculated as the mean of data registered at 1-min intervals during the half-hour after the start of skin preparation).
treatment [23] . This finding was confirmed by a meta-analysis that included the data of other studies investigating the effects of prophylactic steroid treatment in cardiac surgery [23] . A similar mechanism might have reduced the susceptibility for the development of a unilateral pulmonary oedema in our patient cohort. Prospective studies should evaluate whether patients undergoing MICS requiring lung collapse represent a high-risk population that may benefit from prophylactic treatment with corticosteroids.
Potential bias and limitations
A retrospective analysis with a before-after design has certain limitations that cannot be completely compensated by multivariable analysis. We chose a stepwise forward selection of variables and deletion of the entered variables that were no longer significant in order to meet the recommended criterion of 10 outcomes per independent variable included in the logistic regression model. We did not adjust for potential confounders between patients with and without dexamethasone by constructing a propensity score. This strategy, which compensates for differences in the probability of being assigned to a treatment group, was not regarded as adequate for the before-after study design of this analysis.
A selection bias can be excluded, as we analysed consecutive patients undergoing MICS. Treatment of patients did not change except for the application of dexamethasone. However, intraoperative ventilation showed discrete, but statistically significant modifications towards a decreased FiO 2 , and increased PEEP and VT over time (Table 1) . Although the ventilator settings were in accordance with current recommendations [24] and not of statistical relevance in multivariable analysis, an influence on lung injury cannot be totally excluded [25] .
CONCLUSION
In conclusion, we observed a 7.9% incidence of a unilateral pulmonary oedema in patients undergoing MICS with intraoperative collapse of a lung. Of the total number of patients, 1.5% simultaneously developed clinical symptoms. Our logistic regression model indicates a contribution of diabetes mellitus, the level of mean pulmonary pressure and the transfusion of fresh frozen plasma to this phenomenon. A single high dose of dexamethasone reduced the incidence of unilateral pulmonary oedema. Owing to the difficulties of providing conclusive evidence with an observational study, prospective studies are needed to gain further insight into the development of unilateral lung oedema after MICS.
